One sentence summary: This study characterizes the feedstock flexibility of acetogens, and the ability for mixotrophy to accomplish 100% carbon yields when reduced feedstocks, like glycerol or H2, are used. Editor: Paola Branduardi
INTRODUCTION
Research focused on the biological capture of CO 2 has increased recently due to the rising concern of climate change. Of all the biological CO 2 fixation pathways, the Wood-Ljungdahl pathway (WLP), also known as the reductive acetyl-CoA pathway, is the most efficient pathway in terms of energetic requirements (Fast and Papoutsakis 2012) . The WLP consists of two branches: the methyl branch that reduces CO 2 to a methyl-group and the carbonyl branch that reduces CO 2 to CO. These two branches are united by a CO dehydrogenase/acetyl-CoA synthase that generates acetyl-CoA (Ragsdale and Pierce 2008) . In this process, only one ATP is consumed along with four reducing equivalents (e.g. NAD(P)H) (Ragsdale and Pierce 2008; Fast and Papoutsakis 2012) . In order to recover ATP, acetic acid is produced via substrate-level phosphorylation, which is why they are called acetogens. To generate additional ATP necessary for growth, acetogens have evolved a number of mechanisms, such as ATPases powered by proton or ion gradients. Even with this additional ATP production, autotrophic growth is still energetically challenged (Bertsch and Muller 2015) .
One method to overcome this limitation is anaerobic, nonphotosynthetic mixotrophy, or acetogenic mixotrophy (referred to as mixotrophy throughout the rest of the text) (Fast and Papoutsakis 2012; Tracy et al. 2012; Fast et al. 2015; Jones et al. 2016) . In mixotrophy, carbon is fixed through both the glycolytic pathway and the WLP. The excess ATP generated by glycolysis helps power fixation of CO 2 through the WLP to maximize carbon yield (Fast et al. 2015; Jones et al. 2016) . Importantly, mixotrophy seems to be a general trait of most acetogens (Jones et al. 2016) . With the growing diversity of acetogens, this opens up the possibility of using non-model strains with desirable bioprocessing traits for mixotrophic applications, such as strains that utilize glycerol or polysaccharides.
Previous characterization of mixotrophy focused primarily on Clostridium ljungdahlii and C. autoethanogenum (Jones et al. 2016) , two well-known syngas-utilizing bacteria. Both these strains have limited substrate flexibility and have relatively slow growth rates (Tanner, Miller and Yang 1993; Brown et al. 2014 ). In the current study, we test a range of different carbon sources and gas mixtures on 17 different acetogens to determine their substrate preference. The strains tested include both mesophilic and thermophilic strains and strains with and without a butanoate metabolism. We then further characterize three of these strains in the presence of different gas mixtures (N 2 , H 2 , CO 2 and syngas) and different carbohydrates (glucose, fructose and glycerol). Finally, we engineer C. ljungdahlii to utilize glucose, which the wild-type (WT) strain is unable to do. These studies demonstrate the flexibility of the mixotrophic platform to utilize a number of different carbohydrates and gas feedstocks while maintaining the high carbon yields.
MATERIALS AND METHODS

Bacterial strains and growth conditions
All strains and plasmids used in this study are listed in Table S1 (Supporting Information). Strains were maintained at -80 screening, individual colonies were transferred into 10 mL PETC medium with 10 g/L of carbohydrate and incubated for up to 240 h. Growth was compared to control cultures without carbohydrate. For gas screening, cultures were grown in 10 mL PETC medium without carbohydrate in 25-mL sealed serum bottles. Bottles were inoculated with a 10% (v/v) pre-culture in exponential phase. After inoculation, the headspace gas was filled with the appropriate gas mixture to either 10 or 30 psig. Bottles were shaken at 200 rpm. Growth was compared to bottles with a pure N 2 headspace (10 psig). All screenings were performed in biological duplicate.
Fermentation conditions
Seed cultures were grown on standard PETC medium with 20 g/L of carbohydrate in an anaerobic chamber. Once cultures reached mid-exponential phase (OD of 1-1.8), a 20% (v/v) inoculum was used to inoculate a 3.0-L bioreactor (Applikon) with a 1.2-L working volume of the same medium. The bioreactors were operated at 37
• C and 55 • C; accordingly, the pH was controlled at 6 using 8M NH 4 OH solution and agitated at 250 rpm. For N 2 and CO 2 conditions, both gases were continuously sparged through the system. For syngas (CO:H 2 :CO 2 :N 2 , 55:20:10:15) and H 2 conditions, the headspaces were initially charged to 25 psig for Blautia producta and 10 psig for Thermoanaerobacter kivui and then flushed and refilled every 3-4 h. Between flushings, the gas was recirculated using an external loop containing a peristaltic pump, 0.05-μm sparger and 0.22-μm gas filters. All fermentations were completed in biological duplicate.
Analytical procedures
Metabolites and carbohydrates were quantified by Agilent HPLC, and headspace gases were quantified by Agilent GC. See Supplemental Text for analysis details. Cell dry weights (CDW) were determined by harvesting four 40 mL samples from the 3-L fermenters at the exponential growth of each culture and then pelleting the cells by centrifugation for 30 min at 3100 rpm, 25
• C. The supernatants were removed, and cell pellets were washed with ultrapure water. After drying overnight at 105
• C, the weights were averaged. It was found that CDW = 0.54 × OD for B. producta, 0.42 × OD for C. scatologenes and 0.6 × OD for T. kivui. C M /C S yields were calculated by first multiplying the molar concentrations of all metabolites and substrates by their number of carbons (e.g. six for glucose, two for acetate, etc.), and then dividing the total sum of produced metabolites by the total sum of all consumed substrates. C M+B /C S yields were calculated in the same manner while including biomass carbon with metabolites produced. Biomass carbon was calculated from the final CDW and the standard elemental biomass molecular weight (24.6 g/mol) and composition CH 1.8 O 0.5 N 0.2 (Grosz and Stephanopoulos 1983) .
Plasmid construction and strain generation
Plasmids were constructed to express either CA C0570 from C. acetobutylicum ATCC 824 or CLSA c10070 from C. saccharobutylicum DSM 13864 (see Supplemental Text for construction details). The deletion/integration plasmid, pKO-BDH::PTS-CSB, was a replicating plasmid containing two regions of homology for bdh (CLJU c23220) flanking an expression cassette of PTS-CSB and a thiamphenicol resistance gene (see Supplemental Text for details). Plasmids were transformed into C. ljungdahlii using a protocol described previously (Leang et al. 2013; Jones et al. 2016) , and transformants were selected on erythromycin (40 μg/mL) or thiamphenicol (5 μg/mL). To select for integration, the protocol described in Jones et al. (2016) was used (see Supplemental Text for details).
Chemostat evolution
A BIOSTAT Q system (Sartorius) was used for strain evolution. Standard PETC media was used with 10 g/L glucose. The culture was maintained at 37
• C with mild agitation from a stir bar. The fermenter was sparged with N 2 , and the pH was kept above 5.0 with 4M NH 4 OH.
RESULTS AND DISCUSSION
Carbohydrate screening
A total of 13 mesophilic and 4 thermophilic strains were grown on 11 different carbohydrates (Table 1) . In order to simplify comparisons between strains and carbon substrates, all growth studies were performed with standard PETC medium and compared to growth on PETC medium without a carbon substrate. The threshold for growth was an optical density (OD) of at least twice the control OD (i.e. without carbon substrate) and consumption of at least 0.75 g/L of carbohydrate. All OD and consumption values are listed in Table S2 (Supporting Information). Treponema azotonuricium displayed the broadest substrate flexibility by consuming all 11 carbohydrates, while Sporomusa ovata and T. kivui displayed the narrowest range, growing on only three substrates (Table 1) . Fructose was the only carbohydrate utilized by all the strains. To determine preferred substrates, the threshold for carbon substrate consumption was increased to 3 g/L (identified by '++' in Table 1 ). With this higher threshold, C. drakei, C. scatologenes and Eubacterium limosum had a broad preferred substrate range, including at least one hexose, one pentose and one disaccharide sugar. The data collected here were compared to previous characterization studies and overall showed broad agreement (Table S3 , Supporting Information). No strain had previously been characterized on maltodextrin, and several strains, such as S. ovata and S. termitida, had limited characterization data available.
To analyze the strains' mixotrophic behavior, carbon yields (ratio of carbon in produced metabolites to carbon in carbohydrate consumed [C M /C S ]) were calculated for each strain on a preferred carbohydrate. The major metabolites for all strains, except for S. termitida, were derived from acetyl-CoA, namely acetate, ethanol or butyrate (Table S4 , Supporting Information). For S. termitida, the major metabolite was lactate. The maximum C M /C S for metabolites derived from acetylCoA is about 67%, because of the decarboxylation reaction from pyruvate to acetyl-CoA. Thus, a C M /C S greater than 67% would indicate mixotrophic behavior (i.e. fixation of CO 2 into metabolite). Except for three, all strains had a C M /C S of 70% or more, strongly suggesting mixotrophic behavior (Table S4 , Supporting Information). The three that had a lower ratio were A. carbinolicum (57.7%), B. producta (63.0%) and E. limosum (52.0%). Acetobacterium carbinolicum was not characterized further and may not perform mixotrophy. Blautia producta was chosen for further characterization because of its broad substrate flexibility and relatively fast growth rate, and its mixotrophic behavior is detailed below. The mixotrophic behavior of E. limosum was previously characterized (Jones et al. 2016) , and the poor C M /C S determined here may be from a viscous polysaccharide excreted that we were unable to quantify.
Gas screening
A subset of the 17 strains were selected to be screened on different gas mixtures to determine gaseous substrate preferences. The subset consisted of relatively fast growers, B. producta, C. drakei, C. scatologenes, E. aggregans E. limosum, Terrisporobacter glycolicus and T. kivui, along with strains C. ljungdahlii and C. autoethanogenum. Four gas mixtures were tested: a CO 2 :H 2 mixture, a CO:H 2 mixture, CO and a CO:CO 2 :H 2 mixture. The CO:H 2 mixture was chosen to compare with the CO 2 :H 2 mixture and CO. The CO:CO 2 :H 2 mixture used has similar gas values as a steel-mill off-gas. Similar to the carbohydrate screening, PETC medium was used, and growth was compared to a culture with a pure N 2 headspace. The threshold for growth, in this case, was a 20% increase over the N 2 control culture in both OD and acetic acid production (Table 2) . Acetic acid was the primary product for all cultures, as expected under autotrophic conditions (Table S5 , Supporting Information). All strains grew on the CO 2 :H 2 mixture, though not all strains could grow in the presence of CO. Neither Te. glycolicus nor E. aggregans could grow on any of the CO containing gas mixtures, while T. kivui could not grow on the CO:H 2 mixture (Table 2) . Growth performances here agree with literature values for all the strains, though the CO-growth behavior of E. aggregans, Te. glycolicus and T. kivui had not previously been characterized (Table S6 , Supporting Information).
Characterization of non-model mixotrophic strains
We next sought to further characterize a subset of the nonmodel acetogenic strains under different mixotrophic conditions. Clostridrium ljungdahlii, C. autoethanogenum, E. limosum and Moorella thermoacetica were considered model acetogens, and their mixotrophic behaviors have previously been characterized (Peters, Janssen and Conrad 1998; Jones et al. 2016) . Of the mesophilic strains remaining, B. producta, C. drakei and C. scatologenes displayed broad substrate utilization in both carbohydrates and gas mixtures (Tables 1 and 2 ) and were relatively fast growth rates. Because of the similarities between C. drakei and C. scatologenes (Kusel et al. 2000) , only C. scatologenes was chosen for further characterization. We also selected T. kivui as a nonMoorella thermophilic strain of interest.
Blautia producta supplemented mixotrophic characterization
Blautia producta (previously known as Peptostreptococcus productus; Varel et al. 1974 ), compared to many of the model mixotrophic strains, has a fast growth rate and a broad substrate utilization range, which makes it an attractive industrial host. To establish a baseline performance, the strain was grown on glucose with a continuous N 2 flow (Fig. 1A) . The primary metabolite was acetate (7.34 ± 0.57 g/L) followed by lactate (4.95 ± 1.34 g/L) and ethanol (0.78 ± 0.94 g/L), and the carbon yield was 90.4 ± 0.9% C M+B /C S (ratio of carbon in produced metabolites and biomass to carbon in carbohydrate consumed). The remaining carbon is presumably lost as CO 2 because of a lack of necessary reducing equivalents to fix it. Therefore, we ran an H 2 -enhanced mixotrophic fermentation (Fig. 1B) , where sufficient reductant is supplied in the form of H 2 (Jones et al. 2016) . With H 2 , there was an increase in acetate production by 0.76 g/L and lactate production by 2.15 g/L, which led to a higher carbon yield of 98.3 ± 0.9% C M+B /C S (Fig. 1D) . The increase in carbon yield demonstrates the potential of H 2 -enhanced mixotrophy to improve fermentation performance. Finally, B. producta was grown in a syngasenhanced mixotrophic fermentation (Fig. 1C) . Compared to the N 2 and H 2 fermentations, the syngas-enhanced fermentation produced significantly more acetate (Fig. 1C) presumably from fixation of CO and CO 2 from the syngas. With the addition of syngas, the carbon yield calculated from sugar consumed was 107.7 ± 1.0% C M+B /C S (Fig. 1D) . The increase in acetate production, compared to the N 2 and H 2 fermentations, and the >100% carbon yield from sugar demonstrates gaseous carbon fixation by B. producta in the presence of a sugar substrate.
Thermophilic strain characterization
Since most thermophilic acetogen work has focused on Moorella strains, we decided to characterize the behavior of T. kivui. When grown on fructose with a N 2 headspace, T. kivui reached a maximum OD of 5.29 ± 0.08 and consumed 20.59 ± 0.83 g/L of fructose ( Fig. 2A) . Acetate was the primary metabolite (13.59 ± 0.37 g/L) with only trace amounts of ethanol (0.15 ± 0.25 g/L) and lactate (0.22 ± 0.06 g/L). The carbon yield was 81.0 ± 2.3% C M+B /C S (Fig. 2C) . When grown under a syngas mixture (CO:H 2 :CO 2 :N 2 , 55:20:10:15), the maximum OD decreased to 2.69 ± 0.11 (Fig. 2B) . Acetate production increased to 16.07 ± 0.15 g/L, and the overall carbon yield calculated from sugar increased to 93.5 ± 3.8% C M+B /C S (Fig. 2C) . Adding syngas to the fermentation did increase the carbon yield, though it remained below 100%. While presumably some of the CO and CO 2 from the syngas was fixed by T. kivui, this cannot be confirmed based on the carbon yield, such as for B. producta (Fig. 1) or previously for M. thermoacetica (Jones et al. 2016) . Interestingly, syngas addition resulted in slightly less biomass formation, as evidenced by the lower OD. In a pure autotrophic fermentation, this lower OD could be indicative of a mass transfer limitation of syngas delivery. However, since both the N 2 and syngas fermentations were fed the same amount of fructose, this seems to indicate more a potential inhibitory effect of CO on cell growth, though this needs further investigation to prove. This may also explain why the yield remained below 100% with syngas . For the carbon yields, the H2-enhanced and syngas-enhanced yields were compared to the continuous N2 (i.e. control) fermentation with * denoting a P-value < 0.05 and * * denoting a P-value < 0.01. Error bars are standard deviation of the two biological replicates.
addition. As with B. producta, syngas addition typically results in carbon yields calculated from sugar being greater than 100% (Fig. 1C) . In a previous study (Jones et al. 2016) , C. ljungdahlii, C. autoethanogenum, M. thermoacetica and E. limosum were grown under similar syngas-enhanced conditions. For the first three acetogens, carbon yields calculated from sugar were greater than 100%, as expected. However, for E. limosum, the yield increased from 72% (N 2 headspace) to only 86% (syngas headspace). While E. limosum can utilize CO, it is known that concentrations of CO > 50% are inhibitory to growth (Genthner and Bryant 1982) . It is possible CO has similar effects on T. kivui which resulted in a carbon yield of <100% with syngas addition.
Mixotrophic glycerol fermentation
A limitation of sugar feedstocks (e.g. glucose) for mixotrophic fermentations is a lack of reducing energy. Glucose can produce a maximum of four reducing equivalents, and this is the exact number required for the fixation of two CO 2 molecules into an acetyl-CoA. As some of these reducing equivalents are required for biomass generation and maintenance, complete carbon fixation is not possible. H 2 or CO-fed mixotrophic fermentations overcome this hurdle by supplying additional reductant in gaseous form. An alternative approach is to use a more reduced soluble feedstock, like glycerol (Maru et al. 2016) .
After E. limosum (considered a model acetogen for this study), C. scatologenes was the best glycerol consuming strain (Table S2 , Supporting Information). Therefore, it was selected to test for mixotrophy under glycerol conditions. Clostridrium scatologenes was first grown on glycerol with an N 2 sparge. Complete glycerol utilization (24.26 ± 0.80 g/L) was achieved in less than 18 hr with a maximum OD of 8.52 ± 0.25 (Fig. 3A) . As expected from a glycerol fermentation, the primary product was 1,3-propanediol (7.82 ± 0.73 g/L) followed by butyrate (3.38 ± 0.09 g/L), acetate (1.11 ± 0.11 g/L), n-butanol (1.06 ± 0.16 g/L),and ethanol (0.19 ± 0.14 g/L). The carbon yield with N 2 sparging was 88.9 ± 2.1% C M+B /C S (Fig. 3C) .
Our hypothesis was that the excess reducing equivalents produced from glycerol metabolism could be used by the WLP to fix additional CO 2 rather than produce reduced products, like nbutanol. To test this, C. scatologenes was again grown on glycerol, but this time with a CO 2 sparge (Fig. 3B) . With the CO 2 sparge, the total fermentation time was marginally extended, and the maximum OD decreased slightly to 6.51 ± 0.24 (Fig. 3B) . The primary metabolites were still 1,3-propanediol (8.59 ± 0.78 g/L), butyrate (3.22 ± 0.66 g/L) and acetate (2.82 ± 0.01 g/L), but n-butanol concentrations decreased to 0.19 ± 0.11 g/L. Additionally, the carbon yield from glycerol increased to 99.8 ± 1.0% C M+B /C S (Fig. 3C) . The decrease in n-butanol production and increase in acetate and carbon yield is evidence of the excess reducing equivalents from glycerol being shifted from n-butanol formation to the WLP to fix the exogenous CO 2 .
Engineering glucose utilization into C. ljungdahlii
In the screening study, we found that C. ljungdahlii did not utilize glucose (Table 1 ). In the original characterization of this strain, the authors found that it had to be adapted to glucose after previously growing the strain on fructose or H 2 :CO 2 (Tanner, Miller and Yang 1993) . After multiple attempts at adapting the strain to grow on glucose, we were unable to successfully show growth. Analysis of the genome of C. ljungdahlii (Köpke et al. 2010 ) revealed a fully intact glycolysis pathway, but we could not identify a glucose-specific transporter gene. The only hexose transport gene that could be identified was a fructose-specific type IIABC phosphotransferase system (PTS) (CLJU c26050-26070). We hypothesized that the lack of a glucose-specific transporter was the cause of C. ljungdahlii's inability to utilize glucose and that expression of a heterologous transport gene may enable glucose utilization. Two heterologous glucose-specific type IIABC PTS genes were selected for testing: one from C. acetobutylicum ATCC 824 (CA C0570) and one from C. saccharobutylicum DSM 13864 (CLSA c10070). Plasmid expression of either gene enabled the recombinant strains to grow on glucose ( Fig. 4D and E) . Clostridrium ljungdahlii (pNW-PTS-CAC) consumed over 3 g/L of glucose over 240 h, while producing 4.37 g/L of acetate and achieving a maximum OD of 1.1 (Fig. 4D) . Clostridrium ljungdahlii (pNW-PTS-CSB) consumed 2.33 g/L of glucose over 240 h, achieved a maximum OD of 1.05 and produced 3.78 g/L of acetate (Fig. 4E) . The plasmid control strain C. ljungdahlii (pNW-del) was unable to consume glucose (Fig. 4B ) but did achieve some growth (maximum OD of 0.40) by consuming the yeast extract in the medium. In comparison, on fructose, the plasmid control strain achieved an OD of 2.05 and consumed 5.40 g/L of fructose (Fig. 4A) . In addition to the sugar feedstocks, the strains also consumed the small amount of ethanol (∼0.5 g/L) added to the cultures with erythromycin. Ethanol is a known carbon feedstock for C. ljungdahlii (Tanner, Miller and Yang 1993) , and it acts as a reduced feedstock to enable enhanced mixotrophy. The carbon yields (C M /C S ) for C. ljungdahlii (pNW-del), C. ljungdahlii (pNW-PTS-CAC) and C. ljungdahlii (pNW-PTS-CSB) were calculated, and for all three strains, the C M /C S was greater than 100%. This suggests that some exogenous CO 2 from the headspace was fixed using the reducing equivalents generated from consuming ethanol. The carbon yield for C. ljungdahlii (pNW-del) is less than the other two strains because toward the end of the fermentation it began producing ethanol, rather than consuming, and produced a net 0.03 g/L.
To achieve a glucose utilization rate closer to the fructose utilization rate, the PTS gene from C. saccharobutylicum (CLSA c10070) was integrated into the genome, while simultaneously deleting the 2,3-butanediol dehydrogenase gene (CLJU c23220) using a homologous recombination approach (Jones et al. 2016) . This strain (C. ljungdahlii BDH::PTS-CSB) was then adaptively evolved for faster growth in a chemostat with a glucose feed. After 718 h, the specific growth rate for C. ljungdahlii BDH::PTS-CSB was doubled (Fig. S1 , Supporting Information), and individual colonies were isolated from the culture.
In a batch culture, the evolved C. ljungdahlii BDH::PTS-CSB strain consumed 6.32 g/L of glucose in 147 h, achieved a maximum OD of 2.0 and had a glucose consumption rate of 0.056 g/L/h (measured between 24 and 101 h) (Fig. 4F) . For comparison, the WT strain on fructose consumed 5.77 g/L of fructose in 137 h, reached a maximum OD of 2.25 and had a fructose consumption rate of 0.074 g/L/h (measured between 17 and 65 h) (Fig. 4C) . Compared to the plasmid strain's utilization rate (about 0.02 g/L/h), the evolved C. ljungdahlii BDH::PTS-CSB strain consumed glucose 2.7 times faster and at a rate of 75% of the fructose consumption rate in the WT strain. The carbon yield (C M /C S ) for both strains was similar (88%-90%). In order to achieve this yield while producing acetate, the strains must have fixed CO 2 , and thus mixotrophy is maintained in the evolved glucose-consuming strain. This demonstrates an approach to engineer substrate utilization into strains for mixotrophy applications.
In conclusion, this study demonstrates mixotrophy in nonmodel acetogenic strains with broad substrate utilization range. Additionally, we showed the ability for carbon capture with enhanced (either H 2 or syngas) mixotrophy and a glycerolfed mixotrophic fermentation. Finally, the ability to genetically modify a model strain to consume a non-preferred substrate was shown. All these developments help exhibit the flexibility and robustness of the mixotrophy platform to utilize a wide array of potential feedstocks.
